Introduction {#s1}
============

At the dawn of long-duration missions to Mars, the National Aeronautics and Space Administration (NASA) developed plans for more extensive use of high-fidelity medical simulation to prepare astronauts for potential emergency conditions from the Exploration Medical Conditions List.[@R1] NASA's participation in nearly 10 years of long-duration missions confirms that it is difficult to assess whether a loss of life, loss of mission or loss of function condition will occur on long-duration missions.

Applicant backgrounds to become an astronaut at NASA range from a breadth of scientific disciplines of engineering, biological science, physical science or mathematics.[@R2] In fact, the majority of International Space Station astronauts are from non-medical professions.[@R3] [@R4] In an effort to mitigate conditions on the Exploration Medical Conditions List and maximise the astronaut's health throughout all phases of long-duration missions, NASA implemented a crew medical officer (CMO) designation for eligible astronauts.[@R5] The CMO astronaut training occurs during the 2-year period leading up to the actual space mission.[@R6] In order to serve as a CMO, future crew members receive 40--70 hours of medical training within 18 months before missions.[@R5]

Currently, NASA-STD-3001 mandates that for missions longer than 210 days, the CMO must be a physician astronaut---a requirement based on subject matters experts' opinion with the assumption that a quick return to earth is unlikely for missions of this duration.[@R7] Additionally, the subject matter experts determined that the medical decision-making ability or medical judgement associated with physician CMOs would be superior over non-physician CMOs resulting in mission-related medical risk reductions. Kienle and Kiene studied several approaches to assess causality associated with medical judgement and, while they concluded that it was important, did not provide any outcome or risk-based analysis.[@R8] Thus, the rationale for a physician CMO over a non-physician CMO for long-duration missions lasting 210 days or longer has not been quantified as an acceptable mitigation approach to reducing or recovering from diagnoses on the Exploration Medical Conditions List. In a similar fashion, the effect on mission risk of not requiring a physician CMO for shorter missions has also not been quantified.[@R9] In addition, medical decision making has not been determined to be better from a physician CMO over a non-physician CMO in the confines of space, especially since most physician CMOs are no longer involved in day-to-day medical practice.[@R10] It is possible that medical decision-making ability decay in a physician CMO could threaten long-duration missions.

Medical decision making (judgement) is not easily assessed.[@R11] [@R12] Moreover, there remains significant variability in medical decision making by specialty and the amount of training a clinician has received.[@R13] [@R14] With this in mind, NASA investigated the impact of incorporating medical simulation to analyse the impact on crew autonomy of a physician CMO as part of the team.[@R15] Unfortunately, the study did not quantitatively measure the effect on crew health risk by having a physician CMO or the physician CMO clinical judgement. Hence, this pilot study aims to add knowledge to the Exploration Medical Systems element of NASA's Human Research Program to develop data that could be used in the Integrated Medical Model to quantify the change in risk posture associated with a physician CMO versus a non-physician CMO.

Methods {#s2}
=======

Subjects {#s2a}
--------

The Summa Health Institutional Review Board and the NASA Johnson Space Center Committee for the Protection of Human Subjects approved the study protocol. This study was a non-equivalent group's trial of a NASA astronaut physician and non-physician analogue population. The analogue population sample was recruited based on the current NASA astronaut pool demographic data of gender: 60% male, 40% female; age (SD): 48.04 (±5.21) years; and background: engineering, biological science, physical science or mathematics (4). The analogue cohorts were stratified into administrative physicians (AP) representing the physician CMOs (n=10, 6 men and 4 women) and technical professionals (TP) representing the non-physician CMO group (n=10, 6 men and 4 women). For the AP analogue group, the study team recruited board certified physicians; age 40--70 years (NASA astronaut age average ±3 STD); practising as administrators for more than 2 years; and performing clinical duties for less than 8 hours/week. For the TP analogue group, the study team recruited masters or doctoral prepared scientists in engineering, biological science, physical science or mathematics; aged (NASA astronaut age average ±1 STD); and with no medical training or experience.

Materials {#s2b}
---------

Upon completion of the informed consent, each participant completed a demographic questionnaire to collect background information on education (for inclusion/exclusion criteria), physical activity,[@R16] musical instrument (musicianship),[@R17] video game,[@R18] aviation, managerial, simulation and boy/girl scout experience.[@R19] Each subject also completed standardised surveys consisting of General Self--Efficacy,[@R20] Big Five Inventory,[@R21] PROMIS Global Health Scale (QOL),[@R22] the Teamwork and Safety Climate Survey (SAQ)[@R23] and the NASA Task Load Index (NASA TLX).[@R24] The NASA TLX was completed after each medical simulation to assess whether workload was different between the four medical simulations.

A high-fidelity adult simulator was used for all simulations (METIman ECS). Each bay was stocked with a crash cart, LIFEPAK 12 defibrillator, standard hospital airway equipment, as well as a trauma cart with standard equipment for a US hospital including thoracostomy supplies, vascular access equipment including an EZ-IO intraosseous power driver and needles. The patient bay also had a simulated patient monitor with the ability to display the patients' vital signs, diagnostic imaging and ECGs.

Procedures {#s2c}
----------

Participants completed one practice and four scored medical simulations focused on conditions from the Exploration Medical Conditions List.[@R1] The practice simulation was a patient with a diagnosis of deep vein thrombosis (a common and non-esoteric clinical situation) to reduce participant anxiety regarding study procedures, expose all participants to medical simulation regardless of background and incorporate all of the aspects of clinical assessment and care. The four scored simulations were abdominal pain: cholecystitis (CH) and renal colic (RC) and chest pain: cardiac ischaemia (STEMI; ST-segment elevation myocardial infarction) and pneumothorax (PX). Each subject was tested on CH, RC, STEMI and PX in a randomised order by using the random numbers generator in Microsoft Excel V.2007 (Redmond, Washington, USA). All medical simulations were conducted out of the Virtual Care Simulation Lab located at an American College of Surgeons verified level I trauma institution in the USA. The Virtual Care Simulation Lab used the simulator METI ECS with HPS6 software (Medical Education Technologies, Saint-Laurent, Quebec, Canada) for all simulations.

In each tested medical simulation, participants were informed that they were in a moderate-sized community hospital emergency department in the USA and were asked to care for the patient as best as possible by identifying the necessary screening, testing, treatment and diagnosis. Each participant had access to standard medical equipment and a nurse to use the equipment at the command of the participant. The full body METI mannequin was capable of receiving any of the tests and manoeuvres as directed by the participant whereas verbal and/or visual feedback was provided by Virtual Care Simulation Lab staff. All laboratory values, radiographs, electrocardiographs and ultrasound images were provided without interpretation beyond reference laboratory values and in a scaled time-delay fashion.

The participants had a maximum time limit of 15 min for each scenario to perform a history, physical examination, order diagnostic testing, medications, and make management decisions including performing life-saving procedures. The 15 min time limit for each scenario was felt to be an adequate amount of time and any additional time was unlikely to lead any change in results/management. The myocardial infarction case was designed to proceed to cardiac arrest after 8 min if no critical interventions were performed. The CH case and RC/pyelonephritis cases were designed to similarly have a change in mental status at about 8--10-min if key interventions were not performed reflecting a septic picture. For example, in the PX case, the participant must quickly evaluate a patient with a history of chest trauma and sudden shortness of breath. They must either confirm clinically (absent breath sounds, increasing pulse, decreasing blood pressure, decreasing pulse oximetry) that the patient has a tension PX, or quickly order a chest X-ray demonstrating an obvious tension PX with midline shift and immediately perform a needle decompression of the affected lung or place a chest tube (tube thoracostomy) in the affected lung. If this manoeuvre was not executed within 6 min of the start of the encounter the patient would progress to pulselessness (pulseless electrical activity) and require cardiopulmonary resuscitation.

After each simulation, the participant had a 5 min rest. Each participant wore a heart rate monitor (Polar Heart Rate Monitor; Polar Electro, Lake Success, New York) where baseline and maximum heart rates during each medical simulation were recorded. During the rest period, the participant filled out a NASA TLX survey and another resting heart rate was obtained prior to commencing the next simulation. Participants were audio and video recorded during the practice and scored medical simulations.

Statistical analysis {#s2d}
--------------------

The Medical Judgment Metric (MJM), as well as a simulation scenario-specific critical action checklist, and a categorical determination of the patient's final outcome (stabilised, loss of function or loss of life) were used to evaluate medical decision making (judgement). The MJM is a tool that measures medical judgement in four clinical domains: history and physical, diagnostic, interpretation, and management, with a maximum score of 4 in each domain on a 0.5 interval scale up to an overall maximum score of 16. [@R25]

All four medical raters had backgrounds in emergency, trauma and medical simulation and were trained in using the MJM. The medical raters independently scored participants using the MJM either live or using the video recording of the medical simulation. A minimum of three raters were required for each medical simulation. The simulation medical director also performed three pilot simulations prior to execution of the first simulation using the MJM to provide feedback to raters' scores on excellent, average and below average performance in an attempt to have greater inter-rate reliability in scoring. The raters were blinded to the subject's name and participant cohort. Demographics and baseline survey measures of the two cohorts, as well as each simulation's MJM, outcome determinations, maximum heart rate, and NASA TLX score were compared using non-parametric tests (Fisher's exact test for categorical variables or the Mann-Whitney U test for continuous variables). All statistical analyses were completed using STATA V.14, SPSS V.23.0 and Microsoft Excel V.2007.

Results {#s3}
=======

There were no significant differences between the AP (n=10, degrees of freedom (*df*), n-1) and TP (n=10, *df*, n-1) groups in demographics of age: 59.6 years (±7.78) vs 52.3 years (±3.71) (p=0.143); gender: female n=4 (40%) and male n=6 (60%) (p=1.00); race: White n=9 (90%), Asian n=1 (10%) vs White n=10 (100%) (p=1.00); ethnicity: not Hispanic or Latino n=10 (100%) vs n=10 (100%) (p=1.00); education: doctoral degree n=10 (100%), master's degree n=0 (0%) vs master's degree n=2 (20%), doctoral degree n=8 (80%) (p=0.474); and heart rate: 81.8 bpm (±12.11) vs 81.1 bpm (±8.41) (p=0.912), respectively ([table 1](#T1){ref-type="table"}). The AP analogue group age 59.6 (±7.78) years was higher, though not significant, than the TP analogue group age 52.3 (±3.71) years due to recruitment criteria for the AP analogue cohort. There were no other significant differences in other baseline characteristics of interest. The only baseline characteristic with a significant difference (p=0.043) was the experience in medical simulations (4/10 experienced in the AP group vs 0/10 in the TP group). For baseline surveys and questionnaires, no significant differences were found. However, the AP group had a significantly higher SAQ scores (773.7±47.6) than the TP group (7.4±12.4, p=0.001).

###### 

Demographics

  Variable/Statistic          AP group       TP group      p Value
  --------------------------- -------------- ------------- ---------
  Age (years)                                              0.143
   Mean (SD)                  59.6 (7.78)    52.3 (3.71)   
   Median                     61.5           53.5          
   Min-Max                    49--70         45--56        
  Gender, n (%)                                            1.000
   Female                     4 (40%)        4 (40%)       
   Male                       6 (60%)        6 (60%)       
  Race, n (%)                                              1.000
   Asian                      1 (10%)        0 (0%)        
   Asian and White            0 (0%)         0 (0%)        
   Black                      0 (0%)         0 (0%)        
   White                      9 (90%)        10 (100%)     
  Ethnicity, n (%)                                         1.000
   Not Hispanic or Latino     10 (100%)      10 (100%)     
  Education, n (%)                                         0.474
   Master's degree            0 (0%)         2 (20%)       
   Doctoral degree            10 (100%)      8 (80%)       
  Baseline heart rate (bpm)                                0.912
   Mean (SD)                  81.8 (12.11)   81.1 (8.41)   
   Median                     79.5           80            
   Min-Max                    68--104        69--100       

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

AP, administrative physician; Max, maximum; Min, minimum; TP, technical professional.

In each of the four medical simulations, the AP analogue group reported significantly lower (better) NASA TLX ratings (CH: AP=54.4 (±21.59) vs TP 83.8 (±16.81), p=0.002 ([table 2](#T2){ref-type="table"}); RC: AP=52.2 (±31.11) vs TP 89.7 (±9.52), p=0.015 ([table 3](#T3){ref-type="table"}); STEMI: AP=54.3 (±26.04) vs TP 91.8 (±16.32), p=0.01 ([table 4](#T4){ref-type="table"}); PX=50.5 (±30.04) vs TP 86.5 (±19.67), p=0.011 ([table 5](#T5){ref-type="table"})) than the TP analogue group in each simulation. No other significant differences were found.

###### 

Biliary colic simulation results

  Variable/Statistic            AP group       TP group       p Value
  ----------------------------- -------------- -------------- ---------
  Resting heart rate (bpm)                                    0.739
   Mean (SD)                    75.3 (13.73)   73.1 (11.34)   
   Median                       76.5           74             
   Min-Max                      53--100        48--88         
  Max heart rate (bpm)                                        1.000
   Mean (SD)                    93.2 (15.50)   93.2 (14.75)   
   Median                       97.5           90.5           
   Min-Max                      65--114        66--115        
  NASA TLX score                                              0.002\*
   Mean (SD)                    54.4 (21.59)   83.8 (16.81)   
   Median                       52             81             
   Min-Max                      22--102        58--111        
  Total simulation time (min)                  0.315          
   Mean (SD)                    10.3 (2.78)    8.9 (2.41)     
   Median                       10.7           8.8            
   Min-Max                      6.6--14.1      5.3--12.6      

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

\*Denotes significance at p\<0.05.

AP, administrative physician; Max, maximum; Min, minimum; NASA TLX, NASA Task Load Index; TP, technical professional.

###### 

Renal colic simulation results

  Variable/Statistic            AP group       TP group       p Value
  ----------------------------- -------------- -------------- ---------
  Resting heart rate (bpm)                                    0.393
   Mean (SD)                    77.1 (12.09)   73.1 (10.47)   
   Median                       79.5           72             
   Min-Max                      56--96         54--89         
  Max heart rate (bpm)                                        0.481
   Mean (SD)                    90.1 (15.39)   88.2 (10.36)   
   Median                       94.5           89             
   Min-Max                      59--106        67--101        
  NASA TLX score                                              0.015\*
   Mean (SD)                    52.2 (31.11)   89.7 (9.52)    
   Median                       46             89.5           
   Min-Max                      14--108        76--106        
  Total simulation time (min)                  0.481          
   Mean (SD)                    9.2 (2.65)     8.8 (1.14)     
   Median                       9.4            8.9            
   Min-Max                      5.3--14.3      7.2--11.4      

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

\*Denotes significance at p\<0.05.

AP, administrative physician; Max, maximum; Min, minimum; NASA TLX, NASA Task Load Index; TP, technical professional.

###### 

STEMI simulation results

  Variable/Statistic            AP group       TP group       p Value
  ----------------------------- -------------- -------------- ---------
  Resting heart rate (bpm)                                    0.631
   Mean (SD)                    76.2 (12.40)   74.3 (11.11)   
   Median                       77             72.5           
   Min-Max                      58--94         56--88         
  Max heart rate (bpm)                                        0.190
   Mean (SD)                    90.4 (15.41)   84.3 (10.68)   
   Median                       96.5           84             
   Min-Max                      61--109        61--98         
  NASA TLX score                                              0.001\*
   Mean (SD)                    54.3 (26.04)   91.8 (16.32)   
   Median                       53.5           99             
   Min-Max                      15--91         61--108        
  Total simulation time (min)                  0.631          
   Mean (SD)                    8.0 (2.97)     8.4 (1.79)     
   Median                       7.1            8.4            
   Min-Max                      4.9--12.4      5.2--11.9      

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

\*Denotes significance at p\<0.05.

AP, administrative physician; Max, maximum; Min, minimum; NASA TLX, NASA Task Load Index; STEMI, ST-segment elevation myocardial infarction; TP, technical professional.

###### 

Pneumothorax simulation results

  Variable/Statistic            AP group       TP group       p Value
  ----------------------------- -------------- -------------- ---------
  Resting heart rate (bpm)                                    0.579
   Mean (SD)                    75.3 (13.01)   73.4 (9.79)    
   Median                       80             70             
   Min-Max                      53--90         57--87         
  Max heart rate (bpm)                                        0.579
   Mean (SD)                    87.9 (13.54)   85.6 (9.29)    
   Median                       90             83.5           
   Min-Max                      62--105        71--101        
  NASA TLX score                                              0.011\*
   Mean (SD)                    50.5 (30.04)   86.5 (19.67)   
   Median                       40.5           87.5           
   Min-Max                      15--91         60--118        
  Total simulation time (min)                  0.796          
   Mean (SD)                    8.0 (2.36)     8.0 (1.57)     
   Median                       7.8            8.3            
   Min-Max                      4.5--12.2      4.3--9.8       

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

\*Denotes significance at p\<0.05.AP, administrative physician; Max, maximum; Min, minimum; NASA TLX, NASA Task Load Index; TP, technical professional.

The AP analogue group outperformed the TP analogue group in the correct categorical determination (stabilised, loss of function or loss of life) of the simulated patient's final outcome ([table 6](#T6){ref-type="table"}). The AP analogue group had significantly higher (better) MJM scores compared with the TP analogue group for each simulation scenario. In every simulation in the TP group, except for one, each categorical determination by the raters was a loss of life of the simulated patient regardless of any intervention attempted by the TP participant. The PX simulation was the one exception where a TP participant prevented a loss of life in the patient and left the patient with a loss of function. In contrast, AP participants prevented loss of life in 21 of the 40 simulated cases, loss of function in 10 of 40 simulated cases, and loss of life in 9 of the 40 simulated cases.

###### 

Medical Judgment Pathway Metric and outcomes

  Variable/Statistic      AP group      TP group      p Value
  ----------------------- ------------- ------------- -----------
  Biliary colic outcome                               0.001\*
   Stabilised              5 (50%)       0 (0%)       
   Loss of function        3 (30%)       0 (0%)       
   Loss of life            2 (20%)      10 (100%)     
   MJM rater mean (SD)    13.0 (2.25)    4.5 (0.48)   \<0.001\*
  Renal colic outcome                                 0.001\*
   Stabilised              5 (50%)       0 (0%)       
   Loss of function        3 (30%)       0 (0%)       
   Loss of life            2 (20%)      10 (100%)     
   MJM rater mean (SD)    12.3 (2.66)    4.8 (0.94)   \<0.001\*
  STEMI outcome                                       0.011\*
   Stabilised              4 (40%)       0 (0%)       
   Loss of function        2 (20%)       0 (0%)       
   Loss of life            4 (40%)      10 (100%)     
   MJM rater mean (SD)    12.1 (3.33)    4.9 (0.56)   \<0.001\*
  Pneumothorax outcome                                \<0.001\*
   Stabilised              7 (70%)       0 (0%)       
   Loss of function        2 (20%)       1 (10%)      
   Loss of life            1 (10%)       9 (90%)      
   MJM rater mean (SD)    13.5 (2.53)    5.3 (1.01)   \<0.001\*

p Value from Fisher's exact test for categorical data or Mann-Whitney U test for numerical data.

\*Denotes significance at p\<0.05.

AP, administrative physician; MJM, Medical Judgment Metric; STEMI, ST-segment elevation myocardial infarction; TP, technical professional.

Discussion {#s4}
==========

The main result of the study indicates that there exist significant differences in medical judgement and simulation performance outcomes in spaceflight crew analogue groups of non-physician CMOs versus physician CMOs. This study compared two analogue groups, demonstrating an effect on crew health risk by having the medical background of the AP group as a physician CMO over the TP group. The ability to quantify medical judgement using the MJM and its impact (stabilised, loss of function or loss of life) in the analogue samples using medical simulation added missing knowledge to the existing Exploration Medical Systems element of NASA's Human Research Program.

NASA's Human Research Program and the Integrated Medical Model are focused on various components of crew health and how the qualifications of the CMO may impact crew health. While medical judgement is one aspect of assessing a CMO's impact, it may not be the only factor. Wang and Wu demonstrated that leadership qualities and crew support were positively correlated with a crew's cohesion, expressiveness and involvement which impact crew psychosocial precepts.[@R26] The CMO leadership trait is also supported by Musson *et al* where simulated medical support operations in an earth-based analogue environment demonstrated that crew autonomy, crewmember status and crew communication were parallel to crew health.[@R27] Moreover, Kanas reported that decreasing leader support, tension and negative emotions impacted crew health, especially if the crew were from diverse cultures.[@R28] Thus, medical judgement scores using the MJM, in addition to interpersonal leadership styles and crew responses to stressors, will need careful interpretation, application and consideration when applying them to the IMM for long-duration missions. In addition to the above qualities, the ability to complete a complex task under pressure might impact the MJM scores even though we found no differences in physical measures (baseline heart rate, maximum heart rate). The physical measures may not be different due to levels of stress being similar in both groups where the AP group felt stress performing procedures that they have not completed in an extended period of time and the TP group completing procedures they have never completed.

As a pilot analogue study, there are several limitations in applying the results to spaceflight personnel during long-duration missions and in medical personnel in medical training. Perhaps the most glaring limitation is that the participants did not have the current 40--70 hours of NASA CMO training. Even with a practice simulation, the non-physician CMO analogue group exhibited nervous behaviour prior to medical simulation testing in anticipation of not knowing what to expect. One quote from a participant in the TP group after the medical simulation was, 'you sure know how to make a smart person feel dumb.' During the breaks between each medical simulation, the TP participant's disposition, anxiety and emotional vulnerability were observed while ruminating about whether they had the correct medical diagnosis, medications and courses of action to help the simulated patient. The results of the NASA TLX scores appear to reflect the distress in the TP group as they were significantly higher than the AP group. Additionally, the physician CMO analogue group demonstrated similar distress when faced with a medical scenario outside their practice specialty. Another point to consider is that there was no attempt to communicate with an analogue mission control flight surgeon or medical consultant as the focus of the study was to implement a new instrument measuring an individual's medical judgement without an additional support. One of the most glaring limitations of this first pilot study is the sample size of the two analogue groups. Since there were only 10 in each group, it is difficult to draw strong conclusions and further testing is necessary to obtain a level of inference. Lastly, the medical simulations did not assess the ability of the two analogue CMOs to effect treatment (such as a minor invasive procedure) and this may further describe the differences between the two analogue groups.

The study demonstrated that when placed in an unfamiliar situation outside of one's expertise, or profession entirely, these participants were able to, or unable to, make the correct medical decisions in a potentially life-threatening situation. While this pilot study was not powered to undertake a subset analysis of performance by specialty, attending physicians in the field of emergency medicine and general surgery displayed the most composure and the highest MJM scores during these Exploration Medical Conditions List specific scenarios.

Despite the rich history of medical education and training, measuring and quantifying competency in medical decision making presents significant challenges. However, the study demonstrated the ability of the Medical Judgment Pathway Metric to quantify the difference between untrained AP group and the untrained non-physician analogue groups. To truly assess whether the MJM is a robust enough tool for inserting the scores into probability analyses determining a change in risk posture, we first need to use the MJM in a larger trained analogue population of CMOs. Also, current CMO training schedules and medical simulations should incorporate the MJM to assess whether there are parallels to clinical skills and competencies. These future studies should also include a variety of participant backgrounds to improve predictability and applicability of reducing risk on long-duration missions.
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